INTRODUCTION
Gout is an ancient disease, which has been known at least since Babylonian times. The word "gout" is derived from the Latin word "gutta" (drop); it signifies the belief that a poison, seeping into the joint drop by drop, is the cause [1] . Much is understood about the aetiology of gout, although there are also still many mysteries yet to be resolved. Gout is an inflammatory joint disease that is typically episodic and localized to certain joints, especially the metatarsophalangeal (MTP) 1 joint and other joints in feet and fingers. An acute episode of gout is usually triggered by urate crystals in the joint, which induce a cascade reaction beginning with the influx of immune cells, especially neutrophils, which release cytokines such as IL-1β and IL-6, causing an inflammatory response leading to oxidative damage and intense pain, and terminating when feedback responses finally dampen the signal.
While gout is associated with high serum urate, the association is not as strong as would be expected. Many people with elevated serum urate never experience gout, and many gout sufferers have normal levels of serum urate [2] . Thus, it is generally agreed that something else Gout is an acute or chronic inflammatory disease characterized by intense pain, redness and swelling in joints, mainly the metatarsophalangeal joint. Gout is linked to an increased risk of diabetes and heart disease. The traditional medical view holds that high dietary purines, fructose and alcohol are key causal factors. However, this does not explain the entirety of the pathophysiology. In this paper, we review the literature on gout and propose a functional rôle for the inflammatory signaling cascade to restore vascular health. Our findings suggest that the primary factor behind the recent gout epidemic is dietary glyphosate, with iron overload and fungus overgrowth as secondary contributing factors. The increase in gout prevalence in the United Kingdom correlates well with both diabetes prevalence and the use of glyphosate in agriculture. The activities that take place in the gouty joint are directed towards renewing sulfate supplies to the immune cells and to the vasculature. Dangerously high serum viscosity impairs vascular sulfate synthesis, promoting crystal formation and immune cell infiltration into the joint, provoking a gout attack. The resulting complex signaling cascade leads to hydrogen sulfide (H 2 S) synthesis, release of ATP and reactive oxygen, and activation of enzymes that oxidize H 2 S to sulfate, eventually restoring sulfate supplies to the macrophages invading the synovial fluid. We urge that government regulators reassess the toxicity of glyphosate to humans.
works synergistically with urate to induce crystal formation. Immunoglobulins, especially IgG, have been linked to gout, and autoimmune reactions to damaged cartilage have been shown to induce collagen-specific IgGs that bind to the cartilage, and likely attract urate due to their positive charge. It has only been very recently that imaging techniques have been able to capture urate crystals in situ, and these have revealed that urate crystals can coat a section of cartilage and remain there through intervening periods between acute episodes of gout [3] .
Gout and, more generally, hyperuricaemia are associated with multiple other diseases and conditions that are prevalent today, including hypertension, metabolic syndrome, coronary artery disease, cerebrovascular disease, vascular dementia, preeclampsia, stroke, deep vein thrombosis and kidney disease [4] [5] [6] [7] [8] [9] [10] [11] [12] . Triggers of acute gout episodes include dietary fructose, dietary meats rich in purines, alcohol and elevated levels of serum triglycerides, and some of these triggers are also linked to those other diseases. Both fructose and alcohol can be explained by their ability to increase serum urate production in the liver, and purines are direct precursors of urate. The rôle of triglycerides is less well understood.
The prevalence of gout and of most of the other diseases has been increasing at an alarming rate in recent times, especially in the industrialized world [13, 14] . The prevalence of gout in the USA today is about 3.9%, with the prevalence of hyperuricaemia now estimated to be over 21% [15] . A study based in New England published in 1972 gave a prevalence of gout of only 0.37%, revealing a tenfold increase during the intervening years [16] .
In the United Kingdom, the prevalence of gout was 2.5% of the general population in 2012, an increase of 64% since 1997 [17] . A study from 2016 on gout in South Australia found that 5.2% of the population had gout (8.5% of males and 2.1% of females), while hyperuricaemia occurred in 16.6% of the population [18] . Gout was associated with high body mass index (BMI) and with renal disease. Gout prevalence has also been increasing in New Zealand [19] . Gout had been extremely rare in China, but the number of confirmed cases had reached 75 million by the end of 2010 [20] .
Although urate is the source of the crystals that precipitate a gout attack, urate is generally viewed as beneficial due to its ability to act as an endogenous antioxidant [21] . Urate is a chain-breaking antioxidant that contributes nearly two thirds of the free radical scavenging action in the blood, protecting DNA and erythrocytes from oxidative damage [21] . Low serum urate levels are a risk factor for amyotrophic lateral sclerosis (ALS), likely due to insufficient protection from oxidative damage in muscle cells [22] . In fact, it has been argued that human evolution has led to favouring urate over ascorbate as a major serum antioxidant, as evidenced by the loss of the gene for uricase, the enzyme that metabolizes urate, and the concurrent loss of L-glucuronate oxidase, the enzyme that synthesizes vitamin C [23] .
An acute episode of gout spontaneously resolves usually within a week, even in the absence of treatment [24, 25] . However, repeated episodes can lead to joint destruction. The process leading to resolution is poorly understood, although it appears that clearance of the crystals by phagocytes, dissolution of the crystals, the induction of anti-inflammatory factors, and alterations in the crystal surface by coating with serum factors are involved [26] [27] [28] [29] [30] .
In the case of an inflammatory response to pathogens, it is easy to justify that the resulting reactive oxygen species (ROS) serve a purpose in keeping the pathogens in check. Gout, however, is an aseptic inflammatory response, hence it becomes much less clear what rôle the damaging ROS play. In this paper, we develop the idea that the ROS produced in an inflammatory cascade are used to oxidize hydrogen sulfide to sulfate, thus renewing sulfate supplies both locally and systemically.
It has only been in recent years that an important rôle for hydrogen sulfide (H 2 S) has been recognized in joint diseases, although the mechanisms remain poorly understood. H 2 S levels are elevated in the arthritic joint compared both to blood serum in the same patient and to joint H 2 S levels in controls [31] . The inflammasome cascade induces in chondrocytes the expression of cystathionine-γ-lyase (CSE), an enzyme that metabolizes cysteine to release H 2 S. Low-dose H 2 S release by drugs such as GYY4137 has been shown to inhibit the inflammatory response [32] . It is noteworthy that specially designed nonsteroidal anti-inflammatory drugs (NSAIDS) that release H 2 S have been found to be superior to traditional NSAIDS in controlling inflammation, with reduced risk of gastrointestinal ulceration and bleeding [33] .
High serum viscosity may be the most important trigger for a gout attack. The relationship between various measures of blood viscosity and cardiovascular events is at least as strong as the relationship between these events and serum low-density lipoprotein (LDL) or blood pressure [34] . The most important factor in viscosity is the haematocrit; a high haematocrit is linked to hyperuricaemia [35] . High serum triglycerides [36] , high serum glucose [37] and a high ratio of serum LDL to HDL [38] are also contributors to elevated serum viscosity, and diabetes and hyperlipidaemia co-occur with gout. A little known fact is that the activity of sulfite oxidase, which oxidizes sulfite to sulfate, is inhibited by high viscosity of the medium [39, 40] . It is possible that a gout event following a heavy meal is precipitated by a dangerously high (critical) blood viscosity, which interferes with sulfate synthesis in the vasculature.
Here, we present government-provided data from the United Kingdom on pharmaceutical prescription drugs that treat gout in order to establish an estimate of the rate of increase over time. We also show temporal trends of glyphosate usage on all crops in the UK and of the rates of diabetes over time in the UK, and show that all of these exhibit similar trends.
Subsequently, we review the research literature on gout, and we show how chronic dietary exposure to the pervasive herbicide glyphosate may be a crucial factor in the epidemic of gout in the industrialized world. An equally important goal of the paper is to explain the aetiology of gout, with the novel view that the inflammatory response in the gouty joint achieves a larger goal of rescuing the vasculature from acute sulfate deficiency, induced by chronic low-dose exposure to glyphosate.
METHODS
In this section, we briefly describe the online sources of UK government data made available for prescription drugs for gout, cumulative glyphosate usage on all crops, and diabetes prevalence in the UK, as well as diabetes incidence in the USA, and the methods we used to analyse them.
Gout prescription data
Prescription statistics data were extracted predominantly from yearly Prescription Cost Analysis (PCA) reports for England produced by the UK Department of Health. We used the following British National Formulary (BNF) classification to define specific drugs to track over time:
10.1 Drugs used in rheumatic diseases and gout 10.1.4 Gout and cytotoxic-induced hyperuricaemia. Fera is commissioned to conduct agricultural, horticultural and amenity pesticide usage surveys by the Chemicals Regulation Division (CRD) of the Health and Safety Executive. The surveys are funded from the pesticides charge on turnover scheme. 
Glyphosate usage data

Diabetes prevalence
RESULTS
Examination of prescription data revealed a nearly tenfold (978%) increase in gout prescriptions between 1980 and 2015, with Allopurinol accounting for over 90% of gout-related prescriptions. Other drugs include Colchicine, Febuxostat, Probenecid, Sulfinpyrazone and Benzbromarone.
The plots for cumulative glyphosate usage and gout prescriptions are superimposed in Figure 1 . A pre-glyphosate baseline level of prescriptions was established at 220,000 by correlation with diabetes prevalence, regression analysis and an available data point for diabetes in 1970.
Pre-1990 glyphosate accumulation was calculated using linear regression back to a start point of 1974.
Examination of pesticide usage data revealed strong correlation between cumulative weight of glyphosate applied in the "all crops" category (GB) and incidence of gout. No other pesticide nor combination of categories and classifications showed such strong correlation.
Due to known similarities in the biochemical mechanisms between gout and diabetes, we examined this possible correlation, and the results are shown in Figs 2 and 3. Fig. 2 shows gout prescriptions compared to the number of patients with diabetes in the UK. The two curves correspond remarkably well, and this supports the idea that the two diseases share an underlying aetiology, which may be related to glyphosate toxicity.
We also compared diabetes levels in the UK to those in the USA, as shown in Fig. 3 . Diabetes has been seen to be strongly correlated with glyphosate usage on core crops in the United States in previous work [41] (more generally, a strong correlation is seen between the emergence of the diabetes epidemic in the USA and the increased production of all synthetic chemicals [42] ).
Finally, Fig. 4 shows the time trends for diabetes in the UK superimposed on the trends in the use of glyphosate on all crops in the UK. The strong correspondence of these two curves is consistent with the trends noted by Swanson et al. [41] in the USA relating glyphosate to diabetes. 
4.1
Glyphosate usage and human diseases: Probable causal mechanism Core crops genetically engineered to resist glyphosate, introduced in the USA in the late 1990s and then widely adopted, have led to over-reliance on glyphosate as a herbicide [43] . Glyphosate usage in the USA increased dramatically in the decade following the introduction of glyphosate-resistant crops, and today accounts for 56% of global glyphosate use. No other pesticide has enjoyed such intensive and widespread use. Yet, farmers had not anticipated the emergence of glyphosate-resistant weeds invading the resistant crops, necessitating ever-higher usage rates.
Government regulators have mostly been lax about regulating or even monitoring glyphosate usage, mostly because we have been led to believe by its first manufacturer that it is practically harmless to humans. However, much recent research reveals that it is not. The World Health Organization's International Agency for Research on Cancer (IARC) declared glyphosate a probable carcinogen in 2015, based on a review of evidence [44] . A 2014 study by Swanson et al. compared glyphosate usage on core crops in the USA with the rise in prevalence of multiple debilitating diseases [41] . They found striking correlations with a long list of diseases, including diabetes, inflammatory bowel disease, autism, dementia, kidney disease, pancreatic cancer and intestinal infection. A recent study analysing liver enzymes in rats exposed to low doses of the formulation Roundup over their lifespan identified several enzymes that were disrupted [45] . Another study has discovered that glyphosate suppresses the release of thyroid-stimulating hormone from the pituitary gland, leading to hypothyroidism in the offspring of an exposed pregnant dam [46] . An earlier paper had proposed such a mechanism and predicted that it would be causal for autism [47] .
Three recent reviews of glyphosate have centred on the idea that glyphosate, acting as an amino acid analogue of glycine, may become incorporated into proteins in place of glycine through a coding error during protein synthesis [48] [49] [50] . The first study by Samsel and Seneff showed how disruption of multiple proteins in the body with highly conserved glycines could easily explain the correlations seen in the Swanson et al. paper [48] . The study by Seneff et al. [49] focused specifically on ALS, and showed that a large number of proteins implicated in ALS have multiple glycine dependencies. The follow-on study by Samsel and Seneff [50] linked glyphosate to multiple autoimmune diseases via molecular mimicry due to resistance to proteolysis of glyphosate-contaminated foreign proteins.
Glyphosate has recently been shown to be taken up by nasal and gastrointestinal mucosal cells via active transport across L-type amino acid channels, LAT1/ LAT2 [51] . This finding is not altogether unexpected, since glyphosate is an amino acid. LAT1 mRNA is highly expressed in the human foetal liver, bone marrow, placenta, testis and brain, as well as in tumour cells [52] . In general, any cell type with a high proliferation rate will need to take up substantial amounts of amino acids for growth, and this puts such a cell at higher risk of glyphosate accumulation. This may explain why Monsanto's early research on radiolabeled glyphosate found the highest accumulation levels in bone marrow [53, 54] . What this also implies is that any tissue suffering from metabolic stress and/or injury, necessitating the infiltration of immune cells derived from precursor cells stored in the bone marrow, can expect to receive an unintended supply of glyphosate brought in as "stealth cargo" by the infiltrating immune cells. Glyphosate has been shown to disrupt the balance of gut microbes, favouring an overgrowth of pathogens, and this leads to an inflammatory response, such as inflammatory bowel disease (IBD) [55] . The infiltrating immune cells expose the abdominal adipocytes to glyphosate, disrupting their ability to release fats, and therefore promoting abdominal fat accumulation. Similarly, an inflammatory response in the gouty joint, initially triggered by urate crystals, will induce the infiltration of neutrophils derived from glyphosatecontaminated bone marrow, increasing the concentration of glyphosate in the joint and enhancing the disease process.
Susceptibility to trauma may be a factor in the localization of gout in the big toe. Trauma indirectly enhances crystal nucleation by lowering synovial pH [56] . The tendency of uric acid to nucleate increases rapidly as pH decreases [57] . Glyphosate may play a synergistic rôle through its ability to induce subclinical metabolic acidosis systemically [58] .
Disrupted microbiome in gout: Possible rôle in fungal infection
Gout, like many other diseases, is associated with an abnormal distribution of the gut microbiome. A recent study used a gene microbiome profile to develop a diagnosis protocol for gout, which was termed a microbial index of gout (MiG). It was able to distinguish gout patients from control patients with better accuracy than uric acid levels (89% vs 71% accuracy) [59] . The study authors found, in particular, that multiple species of Bacteroides were enriched in gout patients, whereas Faecalibacterium prausnitzii, a major producer of butyrate, was under-represented. Microbial xanthine dehydrogenase, the enzyme that produces uric acid, was enriched in association with gout, whereas microbial allantoinase, an enzyme that degrades it, was depleted. A decreased level of butyrate biosynthesis was found to be a feature shared with both liver cirrhosis and type 2 diabetes, along with lessening of Faecalibacterium parusnitzii.
Bacteroides caccae is a recognized biomarker of IBD [60] . Liver cancer, diabetes and IBD are three of the many diseases found by Swanson et al. to be rising at an alarming rate in step with the rise in glyphosate usage on core crops in the USA [41] . The correlation coefficients with glyphosate for liver cancer, diabetes and IBD were 0.960 (P-value = 4.6 × 10 ), respectively. Genetic defects in the gene for the ATP-binding cassette (ABC) transporter, ABCG2, are linked to hyperuricaemia and gout [61] . This urate transporter is found in both the intestines and the kidneys, and it appears that impaired excretion from the intestines is a major factor in the disease pathology. It may be significant with respect to potential glyphosate disruption of this enzyme that ABCG2 has a highly conserved glycine in the fifth transmembrane helix near the extracellular surface. In the Drosophila variant of ABCG2, substitution of either leucine or glutamic acid for this glycine residue resulted in the retention of the transporter in the endoplasmic reticulum, probably due to impaired dimerization and impaired glycosylation [62] .
A fascinating paper from 1992 proposing a link between gout and fungus infection provides compelling arguments to support such a theory [63] . While the microbiome study discussed above [59] did not mention any link to fungal infection, it is likely that the study was not designed to detect fungal growth. However, the fact that the authors found low butyrate expression is supportive of a potential yeast problem. Butyrate is a known histone deacetylase (HDAC) inhibitor, and HDAC inhibition has been shown to impair fungal growth. A study by Nguyen et al. on cultured yeast strains of Candida and Cryptococcus published in 2011 showed that sodium butyrate (SB) strongly inhibited yeast growth in a concentration-dependent manner [64] . SB inhibited known virulence traits such as filamentation in C. albicans and capsule formation in C. neoformans. It also significantly decreased yeast biofilm formation and enhanced the antifungal activity of azole drugs. Finally, it enhanced the effectiveness of macrophages to kill yeast by increasing their phagocytic rate and enhancing their ability to produce inducible nitric oxide.
Costantini provided multiple arguments to support his hypothesis of a link between gout and fungal infection and/or fungal toxins [63] . Multiple species of fungus have been found to induce gout in animals, especially geese [65] , chickens and turkeys [66, 67] , where gout has been attributed to exposure to the mycotoxins oosporein [66, 67] and ochratoxin [68] . Extracts from yeast cell walls containing β-glucans can provoke severe arthritis in a breed of mice with genetic susceptibility, and antibiotic treatment targeting fungi is protective [69] . The association of alcohol consumption, and especially beer consumption [70] , with gout could be due in part to the fact that beer is produced using brewers' yeast, Saccharomyces cerevisiae. Beer contains high levels of urate and can also contain ochratoxin, a mycotoxin produced by Saccharamyces [71] . Ochratoxin, as well as other mycotoxins, disrupts the tight junction proteins in the gut barrier, causing leakage of materials from the gut lumen into the general circulation [72] . It may be that mycotoxins infiltrate urate crystals and induce an inflammatory reaction in macrophages, endocytosing the crystals.
The colonic mucosa are protected by sulfated mucin glycoproteins (mucins), which are produced by the colonic epithelial cells. These mucins offer important protection from microbial invasion. It has been demonstrated that they reduce the virulence of Candida by suppressing their attachment to human cells, preventing the formation of biofilm and suppressing the development of cell-penetrating hyphae [73] . Butyrate enhances the synthesis of mucins [74] , hence butyrate deficiency leads to mucin deficiency.
Multiple strains of Lactobacillus brevis derived from traditional Bulgarian fermented dairy products were able to suppress the growth of Aspergillusin vitro [75] . Furthermore, Lactobacillus casei has been found experimentally to reduce the inflammatory response in a mouse model of arthritis [76] . Enzymes that degrade urate to urea are prominent in Lactobacillus species [59] . Lactobacillus is a common member of the human intestinal microbiota, but it is unusual in that it utilizes manganese but not iron in enzymatic catalysis [77] . Iron overload causes iron-dependent species to outcompete Lactobacillus [78] . Lactobacillus species are preferentially killed by glyphosate, likely due in part because of their strong dependency on manganese, which glyphosate chelates, making it unavailable [79] .
Fungi make up only a fraction of a percent of the intestinal microbiota, and their potential rôle in disease is not yet well characterized. IBD shows a microbial profile that resembles the profile in gout, and it is associated with a higher diversity of fungal species in the colon [80] . Fungal diseases have emerged as an important health problem in the USA in recent decades [81] . A dramatic increase in mortality due to mycoses, attributed mainly to Candida, Aspergillus and Cryptococcus, occurred between 1980 and 1997, rising from 1,557 deaths in 1980 to 6,534 deaths in 1997. The number of cases of fungalinduced sepsis in the USA increased by 207% between 1979 and 2000 [82] .
Aflatoxin B1, produced by Aspergillus, is a common contaminant in multiple foods, including peanuts, cottonseed meal, corn and other grains [83] as well as animal feed [84] . While glyphosate suppresses the growth rate of many bacteria, it has been shown to increase the growth rate of Aspergillus [85] . In fact, multiple species of fungi are able to metabolize glyphosate, and this can give them a growth advantage [86] . Aflatoxin B1 caused numerous clusters of urate crystals in exposed macaques [87] . Remarkably, Aspergillus has an alternative pathway for the metabolism of purines to urate that does not require molybdenum as a cofactor [88] . This variant enzyme is found only in fungi. A study testing the growth rate of Aspergillus niger on different carbon sources, including fructose, glucose, sucrose, maltose and starch, found that A. niger grew best on fructose compared to all the others [89] . Fructose is a well-established risk factor for gout [90] . A study based in New Zealand found that Caucasians consuming four or more drinks sweetened with high-fructose corn syrup per day had a nearly sevenfold increased risk for gout compared to those consuming none [91] . It has been argued that fructose metabolism by the gut bacteria is disrupted by glyphosate, in part due to its blockage of the shikimate pathway [49] , and this would result in an excessive concentration of fructose delivered to the colon, which would likely promote the growth of fungi.
Costantini also argued that multiple drugs used to treat gout are actually very effective as antifungal drugs as well [63] . Colchicine, one of the most common drugs used to treat gout, is an antitubulin drug, and its mode of action is the same as that of the antibiotic drug Griseofulvin, which is used to treat yeast infections. Patients with gout experienced dramatic improvements in acute gout following administration of griseofulvin specifically to treat a superficial fungal infection.
Meat, fructose and alcohol are recommended to be avoided in a "Candida diet," and they are all linked to acute gout attacks. Fructose is an excellent fuel source for yeast, promoting growth. An alkaline colon, induced by the breakdown of nitrogen in meat to ammonia, is conducive to fungal overgrowth. Alcohol is toxic and it tends to preferentially harm the bacteria in the gut, disrupting the bacteria/yeast balance.
Molybdenum deficiency and sulfite
Dietary advice for gout includes decreasing food sources of purines such as organ meats (e.g., liver, kidney), seafood and red meat, decreasing alcohol and fructose consumption, and increasing legumes and nuts. Fruits and meats are poor sources of molybdenum, whereas nuts and legumes are good sources. Hence, adherence to this dietary advice would lead to an increase in dietary molybdenum.
Three important enzymes using molybdenum as a catalyst are xanthine oxidase, aldehyde oxidase and sulfite oxidase. If xanthine oxidase and aldehyde oxidase are in high demand in the gut due to dietary purines and alcohol, then their overproduction can lead to a deficiency in sulfite oxidase, because these other enzymes trap most of the molybdenum that is available. Glyphosate may be a factor here as well, because it is a potent chelator of 2+ cations [92] (glyphosate was first patented as a metal chelator in 1964 by the Stauffer Chemical Company). A deficiency in sulfite oxidase will lead to two problems: insufficient sulfate and toxic build-up of sulfite.
The gut microbiome in IBD resembles that in gout. A recent paper has proposed that a major factor in the development of IBD is disulfide bond splitting in the mucins by excess sulfide in hydrogen sulfide (H 2 S) produced by sulfur-reducing bacteria such as Desulfovibrio [93] . A deficiency in sulfite oxidase would encourage the growth of microbes able to reduce highly toxic sulfite to less toxic H 2 S, which would then disrupt the tight barrier that keeps the microbes and the toxins they produce from penetrating into the general circulation. The sulfomucins in the colon normally contain a highly viscous and sterile inner layer, but this layer gets breached in the presence of excess H 2 S. Excess sulfide has been found in the intestine in association with IBD [94, 95] . A further factor contributing to H 2 S synthesis is glyphosate's ability to suppress an assimilatory sulfite reductase enzyme expressed by E. coli and other microbes in the gut [96] . An appendix to a paper by Lu et al. provides a list of enzymes whose expression was inhibited multiplefold by glyphosate [96] . Both the α and β subunits of sulfite reductase were included in the appendix, as shown in Table 1. methionine, an essential amino acid in humans because our own cells are unable to synthesize it. Hence, suppression of this enzyme leads to methionine deficiency in addition to the accumulation of toxic amounts of sulfite in the gut. Glyphosate's known inhibition of methionine synthesis in plants [99] may plausibly be due at least in part to suppression of assimilatory sulfite reductase.
One can hypothesize that, as a consequence of E. coli's impaired ability to incorporate the sulfur atom of sulfite into organic sulfur compounds, the dissimilatory sulfite reductase of Desulfovibrio produces H 2 S from sulfite instead. It may be significant that the chromophores in E. coli's assimilatory sulfite reductase contain bound iron, whereas it appears that the dissimilatory sulfite reductase in Desulfovibrio does not [100] , and therefore may be less susceptible to inhibition through glyphosate chelation of iron. Desulfovibrio competes with butyrate-reducing microbes for carbon sources [101] , and thus its overgrowth could also account for the butyrate deficiency observed in association with the gout microbiome.
Furthermore, impaired sulfite oxidase leads to sulfate deficiency, and sulfates are essential in the sulfomucins for maintaining the highly viscous "exclusion zone" water of the inner layer [102] . Chondroitin sulfate, an important component of the sulfomucins, has been used effectively as a therapeutic agent for IBD in both humans and dogs [103, 104] .
Endothelial nitric oxide synthase
Endothelial nitric oxide synthase (eNOS) plays a vital rôle in regulating blood flow, in part through production of nitric oxide (NO) following signaling by calcium uptake and phosphorylation of calmodulin, a regulatory protein [105] . However, eNOS is also capable, especially under hypertensive conditions, of producing superoxide instead of NO in an uncoupled mode [106] . This can lead, through reaction with NO, to the production of peroxynitrite (ONOO -), an extremely destructive oxidizing agent. It has been proposed that eNOS is a "moonlighting" enzyme, switching between oxidizing nitrogen or sulfur depending on the external environment [102, 107] . Superoxide is used to oxidize sulfur when eNOS is bound to caveolin in the membrane, whereas phosphorylated calmodulin induces eNOS to detach from the membrane and synthesize NO instead, following phosphorylation.
NO and SO 2 , produced alternately by eNOS depending on the environment, both spontaneously oxidize, to nitrite and sulfite respectively, and enzymatic action by nitrate synthase and sulfite oxidase further oxidizes them, to nitrate and sulfate respectively. Nitrite is capable of eroding the extracellular matrix proteins,
Enzyme
Fold reduction Sulfite reductase, flavoprotein β subunit -4.55 Sulfite reductase, α subunit -3.23 Table 1 . Reduced activity of two subunits of assimilatory sulfite reductase in E. coli exposed to glyphosate (see [96] for details).
Sulfite reductase deficiency in plants is associated with increased oxidative stress [97] , which is also seen in gout. Sulfite reductase contains a haem group, and haem synthesis is also suppressed by glyphosate [79, 98] . This enzyme in E. coli is essential for the synthesis of which then allows fragments to bind to oxidized LDL for subsequent endocytosis. These fragments contain heparan sulfate, which is very useful in the lysosomes for maintaining the acidic environment needed to safely metabolize the contents of LDL using the Fenton reaction invoked by iron. In a sufficiently acidic environment (buffered by sulfuric acid) the reaction product is water instead of hydrogen peroxide (H 2 O 2 ); H 2 O 2 is a dangerous oxidizing agent that can cause collateral damage.
The sulfate produced by eNOS when it is membrane-bound can be combined with modified sugar molecules and attached to glycosylated proteins to produce sulfated glycosaminoglycans (sGAGs) in the glycocalyx. These will then be released by the cell to restore the extracellular matrix that was eroded during the nitrate cycle of eNOS activity. Thus, there is a continual cycle of destruction and replenishment of the extracellular matrix proteins in the endothelial wall.
The amount of NO that is synthesized by eNOS is regulated by blood flow, in an elegant process that takes advantage of electromagnetic fields induced by the flowing blood. Red blood cells are negatively charged, in part due to sialic acid in the membrane glycoproteins [108] and in part due to cholesterol sulfate [102, 107] . The movement of negatively charged particles engenders an electrokinetic vascular streaming potential (EVSP), which is proportional to the pressure and to the zeta potential, which depends on the negative charge density, and inversely proportional to the viscosity of the medium. An increase in the EVSP induces an increase in NO synthesis by endothelial cells [109] . Thus, high viscosity and low negative charge density in the RBC membrane due to insufficient cholesterol sulfate will both contribute to a weakening of the EVSP; it can be compensated by elevated blood pressure, which, like high viscosity, is associated with gout.
The Hofmeister series and blood viscosity
The Hofmeister effect is an important concept in biophysics; it puts small solutes on a scale according to the degree to which they support the solubility of proteins in water. Molecules that increase solubility are chaotropes, whereas those that promote salting out or crystallization are kosmotropes [110, 111] . Chaotropes tend to destructure water, decreasing its viscosity, whereas kosmotropes promote the formation of a gel-like, highly viscous crystalline form of water akin to ice.
Sulfite oxidase and nitrate reductase are an interesting pair of enzymes with shared characteristics. As discussed, sulfite oxidase produces sulfate from sulfite, whereas nitrate reductase reduces nitrate to nitrite. Both are members of a large class of enzymes called molybdenum oxotransferases. Notably, xanthine oxidase, the enzyme that produces urate from precursor purines, is also a member of this class. While mammals do not possess nitrate reductase per se, xanthine oxidase expresses nitrate reductase activity in the presence of NADH [112, 113] . Inflamed human synovial tissues can produce NO even in the presence of NOS inhibitors, and it has been demonstrated that xanthine oxidase is responsible for this production, via nitrate reduction [113] . Furthermore, enhanced expression of xanthine oxidase is observed in inflamed synovial fluids, produced by endothelial cells [114] .
In addition to their dependency on molybdenum and the presence of a haem group sensitive to glyphosate disruption, one remarkable feature of this class of enzymes is sensitivity to the viscosity of the medium. A hinge region depends on low viscosity to induce efficient electron transfer between the haem and the molybdenum domains [39, 40] . Thus, these enzymes are more active when the viscosity is low.
This design is very interesting, because nitrate and sulfate have opposite effects on blood viscosity according to the Hofmeister series. Nitrate, being a chaotrope, destructures water, leading to a lowering of viscosity; whereas sulfate, a kosmotrope, structures water, increasing viscosity [111] . In addition to maintaining tight physiological control of blood pH, it is also necessary to maintain blood viscosity in a tight range to protect from haemorrhage at low viscosity and thrombosis at high viscosity. We propose that sulfite oxidase and nitrate reductase play a critical rôle in this regulation, especially post-prandially, through the ability to quickly alter sulfate and nitrate levels in the blood. Elevated levels of glucose [36] and triglycerides [35] increase viscosity, which needs to be offset by a high ratio of free nitrate to free sulfate in the blood. Glucose levels are correlated with blood viscosity even in non-diabetics [36] . The rise in viscosity induced by glucose and triglycerides will lower the activity of sulfite oxidase and nitrate reductase, thus inducing a rise in the nitrate/sulfate ratio that will help to lower the viscosity. Insulin, induced by a rise in serum glucose, induces the release of NO by endothelial cells, which is oxidized to nitrate to further increase its level in the blood.
Since high serum triglycerides are a trigger for gout, and gout is also associated with both diabetes and cardiovascular disease, it seems clear that high blood viscosity may be a key factor in triggering gout.
Sulfite oxidase deficiency
A glycine residue at position 473 is strictly conserved in all sulfite oxidase (SO) proteins thus far isolated, including plant and bacterial isoforms [115] . If the glycine residue in SO is replaced with aspartate, the enzyme is impaired in its ability to form a dimer, which leads to a severe impairment both in its ability to bind sulfite and in catalysis, reducing the reaction rate by five orders of magnitude compared to the wild type [115] . Both the charge and the large size of an aspartate residue contribute to the severe effects, by causing partial misfolding and monomerization, and attenuating substrate binding and catalytic efficiency. Glyphosate substitution for this crucial glycine residue can also be expected to disrupt the enzyme function in a similar way.
Molybdenum deficiency is another consideration with SO; glyphosate's chelation of 2+ cations make molybdenum a probable target of glyphosate [116] . A severe lack of SO's molybdenum cofactor has profoundly adverse effects on development (including mental retardation, microcephaly and spasticity) [117] . An encephalopathic response to hypoxic ischaemia may also be due to molybdenum cofactor deficiency [118, 119] .
The hinge region in SO depends on low viscosity to induce efficient electron transfer between the haem and the molybdenum domains [39, 40] . As already discussed, high serum viscosity can be expected to be a systemic problem in association with gout, due to the fact that it is linked to haemochromatosis, elevated triglycerides and hyperglycaemia, all of which increase serum viscosity.
A recent experiment exposing rats to relatively high doses of glyphosate over seven days revealed a specific effect on lipid metabolism in the liver; it was hypothesized to be due to the synthesis of glyoxylate as a by-product of glyphosate degradation by gut microbes [120] . Specifically, fatty acid oxidation was inhibited, diverting fatty acids towards other pathways that lead to elevations in serum triglycerides and cholesteryl esters. While the dose was higher than that expected from contaminated food, the authors thought that a lower dose over a longer interval could produce a similar result.
It is interesting to note that the viscosity of synovial fluid in association with rheumatoid and osteoarthritis is significantly lower in arthritic patients, along with a significantly diminished concentration of hyaluronic acid, which raises viscosity [121] . The lowered viscosity should promote activation of SO within the joint, which can support sulfate synthesis there.
A reason for sulfite toxicity was proposed in [122] : Fe 3+ -cytochrome c in the inner membrane of mitochondria will react with sulfite to produce the sulfite radical, catalysed by H 2 O 2 [122] . This in turn can cause oxidative damage to proteins, lipids, RNA and DNA, believed to be the main mechanism of toxicity of sulfite to tissues. Cytochrome c oxidase plays an essential rôle in the electron transport chain in mitochondria. It receives an electron from each of four cytochrome c molecules, and transfers them to one oxygen molecule, converting it to two molecules of water. As described in [48] , cytochrome c oxidase has an oxyanion hole that channels the oxygen molecule to the active site, and maintenance of this hole has a strong glycine dependency. Thus it is possible that impairments in glyphosate-contaminated cytochrome c oxidase lead to increased toxicity of sulfite in mitochondria.
Homocysteine thiolactone
Gout is associated with markedly elevated serum homocysteine [123] . In the presence of methionine deficiency, homocysteine can erroneously substitute for methionine during protein synthesis, and the correction of this coding error results in the release of homocysteine thiolactone, a toxic variant of homocysteine. However, in the presence of superoxide, and with catalytic assistance from retinoic acid and ascorbate, homocysteine thiolactone can be processed to α-ketobutyrate, releasing sulfite and ammonia (see Fig. 1 in [124] ). Thus it could serve as a precursor to sulfate synthesis directly in the artery wall, but the requirement for superoxide will result in additional oxidative stress.
Glyphosate has been shown to inhibit methionine synthesis in plants, in addition to the aromatic amino acids [99] . We have already discussed glyphosate's inhibition of assimilatory sulfite reductase in the common gut microbe E. coli, and this is an essential enzyme in the methionine synthesis pathway. Furthermore, this same study of glyphosate's effects on E. coli enzyme expression revealed strong suppression of 3'-phosphoadenosine 5'-phosphosulfate (PAPS) reductase, another enzyme that is essential for the de novo synthesis of methionine from sulfate [95] . Human methionine supply depends on its synthesis by the gut microbiome or dietary methionine, since human cells are unable to synthesize it.
Homocysteine thiolactone can be converted back to homocysteine via the enzyme paraoxonase type 1 (PON1), and it has been suggested that this is the original function of PON1, an enzyme that also detoxifies organophosphates. However, oxidative stress inactivates PON1 [125] . A study comparing 49 gout patients with 42 healthy controls revealed that gout is associated with a reduced PON1 activity (P < 0.01) along with reduced superoxide dismutase 1 (SOD1) activity (P < 0.05) and an increase in plasma levels of malondialdehyde, a marker of oxidative stress (P < 0.01), and oxidized LDL (P < 0.01) [126] . Homocysteinylation of LDL increases its susceptibility to oxidation and facilitates its uptake by macrophages, and homocysteinylated LDLs elicit an autoimmune response [127, 128] .
Nonalcoholic fatty liver disease and iron overload
Nonalcoholic fatty liver disease (NAFLD) is strongly associated with insulin resistance, the metabolic syndrome, cardiovascular disease and gout [129, 130] . It progresses over time towards steatohepatitis and hepatic fibrosis, then cirrhosis and, ultimately, liver failure. Both serum urate levels and serum ferritin (an acute phase reactant related to iron homeostasis) are biomarkers that predict NAFLD. Its prevalence in the general population ranges between 20% and 30%, parallelling the worldwide epidemics in obesity and type 2 diabetes [131, 132] .
Schreinemachers and Ghio have proposed that iron chelation may play a major rôle in the pathology associated with multiple environmental toxins, including glyphosate [133] . They argue that this leads to functional iron deficiency and disrupted iron homeostasis, including elevated serum ferritin, which is linked to diabetes. Glyphosate exposure can be predicted to lead to both iron deficiency and iron toxicity (due to the Fenton reaction), because biological iron transport mechanisms are disrupted by glyphosate [48] .
A 2009 study exposed rats to glyphosate and Roundup and looked specifically at the effects on rat liver, but also measured serum levels of uric acid [134] . After a two-week delay, uric acid levels in the glyphosate-treated group (4.1 mg/dL) (135 mg/kg) and, especially, in the Roundup-treated group (6.4 mg/dL) (270 mg/kg) were significantly higher than in the control group (2.6 mg/dL). The increase in uric acid levels was associated with an increase in both cholesterol and triglyceride levels in both the glyphosate-and Roundup-treated groups. Concurrently, glutathione levels were lowered in both treatment groups. Lipid peroxidation in the rat liver increased dramatically in the treatment groups compared to the control group (control: 2.6 μmol/g, Roundup: 19.0 μmol/g, glyphosate: 13.9 μmol/g); lipid peroxidation leads to hepatic necrosis. 4 We have already mentioned that an elevated haematocrit is associated with gout [34] . Elevated haemoglobin translates into elevated iron stores. In a study investigating a possible relationship between high serum urate and iron overload, it was found that 20.7% of those with high uric acid had high ferritin levels versus only 8.8% of those with low serum urate (P < 0.001) [136] .
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Another study on healthy adults, both male and female, found a direct correlation between serum ferritin levels and serum urate levels, independent of gender, age, race/ethnic group, body mass and alcohol consumption [137] . The effect of meat consumption on gout may be ascribed to iron rather than to purine metabolism. Phlebotomy to reduce iron load was successful as a treatment method for 12 patients with gout [138] . During a 28-month follow-up period, effects ranged from marked reduction in both frequency and severity of gout attacks to complete remission.
Xanthine oxidase activity is increased in the presence of iron, increasing urate levels. A number of mechanisms mediate this increase, including multiple iron regulatory elements in the enzyme and an indirect effect mediated through an inflammatory response to free iron. Furthermore, iron chelates, particularly haemoglobin, scavenge NO, preventing it from inhibiting the expression of xanthine oxidase [137] . Since urate is a powerful antioxidant, its synthesis can ameliorate the ROS induced by free iron through the Fenton reaction.
In our view, iron is essential for the gouty joint to be able to follow through with its activities to supply sulfate to the vasculature. Excessive free iron likely plays a significant rôle in gout, through induction of ROS and the resulting signaling cascade. Urate crystals adsorb Fe 3+ in vitro, and the inflammatory response induced by urate crystals is suppressed by iron chelators [139] . There is a hidden benefit to iron availability since iron is needed for the synthesis of haem, to be incorporated into sulfite oxidase, cytochrome c oxidase and nitric oxide synthase. Iron accumulates in the subintima of the synovial membrane in gouty joints [140] . Gamma glutamyl transpeptidase (GGT), present in the arthritic joint, reduces iron from the 3+ to the 2+ oxidative state, facilitating the uptake of transferrin-bound iron [141] . Excessive iron may also contribute to fungal infections. A study on patients with haematological malignancies showed that increased transferrin saturation values and high serum ferritin were associated with increased risk to fungal infection [142] . Increased bone marrow iron stores is an independent risk factor for invasive aspergillosis in patients with haematologic malignancies [143] . Excess iron increases the virulence and invasive potential of yeast in recurrent vulvovaginal candidosis [144] , and iron depletion increases the susceptibility of Candida to antifungal drugs [145] .
GGT in the synovium: An explanation
GGT is an enzyme that decomposes glutathione into its component amino acids (glycine, glutamate and cysteine) and it has been identified as a predictive biomarker of cellular antioxidant inadequacy, as well as both disease and mortality risks [146] . It has also been proposed as a marker for exposure to various environmental pollutants [147] . Glyphosate has been shown to increase the serum 4 Furthermore, increases in TNF expression were observed in both treatment groups. 5 Ferritin release from dying cells can explain high serum ferritin levels [135] . levels of GGT in exposed mice [148] : both male and female mice, exposed to either 50 or 500 mg/kg body weight of Roundup for 15 days, had elevated GGT levels.
Here, we propose a novel rôle for GGT to disassemble glutathione so that the component amino acids can be used to restore sulfate levels in the vasculature, under conditions of vascular stress due to elevated serum viscosity. Cysteine is the precursor to sulfate, and glutamate and glycine are used to synthesize the pyrrole ring as a component of haem, to support multiple enzymes involved in sulfur oxidation to sulfate.
Consistent with this idea are the results of Sedda et al., who studied 150 subjects: 37 without, and 113 with one or more cardiovascular risk factors [149] . Fasting glucose levels, serum folate and vitamin concentrations fell within the normal range in the overall population. However, 18% of the men and 6% of the women had out-of-range GGT values. This investigation found GGT activity was inversely related to plasma glutathione (P < 0.001) and positively related to a number of cardiovascular risk factors, including male gender, malondialdehyde (an indicator of oxidative stress), serum glucose and plasma total cysteine.
The authors of a recent study using apolipoprotein E-knockout mice found that the addition of Atorvastatin to a high fat diet decreased LDL cholesterol levels in the blood, as expected, but also decreased the GGT expression in the plaque at the same time [150] . To us, this suggests that there is a reduced need for GGT to promote sulfate synthesis because there is insufficient cholesterol in the blood to be conjugated with it to form cholesterol sulfate. A relationship with significantly higher GGT values was recently observed among young Turkish adults with coronary atherosclerosis [151] . Compared to controls of a similar age (approx. 42 years), patients having atherosclerosis plaque burdens had significantly higher GGT, creatinine, total cholesterol, LDL-cholesterol, triglyceride, uric acid, HbA1c and hs-CRP levels, and significantly lower HDL-cholesterol levels.
Remarkably and unexpectedly, GGT levels were found to be extraordinarily high in the synovial fluid of several patients with rheumatoid arthritis [152] . Nine out of 50 patients examined had levels of GGT in the synovial fluid that were eightfold higher than the upper limit of the normal range. Overall, the 50 patients had on average a tenfold higher GGT activity in the synovial fluid compared to the average value among the controls. This was not associated with a similar rise in serum GGT, and it was confirmed that the GGT in the synovium was synthesized locally. GGT is an endogenous activator of toll-like receptor 4 (TLR4) [153] . TLR4 signaling, which induces an inflammatory cascade, has been found in male gout patients [154] .
GGT is secreted under stress conditions from hepatocytes along with glutathione, and the glutathione is then processed in the external environment. Although it is generally believed that the main purpose of GGT is to support the transport of glutathione from one cell to another via a complex process of decomposition and reassembly, a much more logical explanation derives from the observation that these three amino acids together play an important rôle in promoting sulfate synthesis.
Glycine and glutamate, once freed from glutathione, can be taken up by a cell and used to produce haem. Studies on rat aorta have confirmed that haem is resynthesized from scratch in the vasculature to supply it to haem-containing enzymes [155] . The basic building block of haem is the pyrrole ring, which is synthesized de novo from glycine and glutamate (via succinyl coenzyme A).
There are several haem-containing enzymes that are involved in synthesizing sulfate. eNOS, which, when membrane-bound, synthesizes SO 2 , probably from thiosulfate and other persulfide precursors, contains a haem group. SO 2 oxidizes spontaneously to sulfite, and sulfite oxidase, which further oxidizes sulfite to sulfate, also has a haem group. A haem group in cytochrome c in the mitochondria is essential for producing ATP, needed to produce the final product, 3′-phosphoadenosine-5′-phosphosulfate (PAPS), the universal sulfate donor. Cysteine, via cysteine-γ-lyase, is a source of H 2 S, which can be oxidized to thiosulfate by the mitochondria [156] and thence to sulfate via eNOS, with assistance from sulfite oxidase in the final step.
The first and rate-limiting step in the synthesis of pyrrole is catalysed by δ-aminolevulinic acid (ALA) synthase, which has been shown to be inhibited by glyphosate [48, 157] , likely through competitive inhibition of glycine as substrate. Hence glyphosate contamination in the synovium would interfere with the synthesis of multiple enzymes involved in the pathway from sulfide to PAPS. There is even the possibility that glutathione itself is sometimes constructed with glyphosate in place of glycine, an ominous thought in terms of the implications of supplying glyphosate directly to the synovium embedded in a defective glutathione molecule.
A rôle for testosterone and muscles
Plasma urate likely plays an important rôle in buffering muscle urate supplies during strenuous exercise. The liver synthesizes urate from hypoxanthine, and releases it into the plasma. It is subsequently taken up by muscle cells to maintain their own supply. During vigorous exercise, muscle cells are exposed to oxidative stress, which spontaneously (non-enzymatically) oxidizes urate to allantoin [158] . The allantoin is released into the plasma and exported to the kidneys.
A single session of long-term high-intensity intermittent exercise can lead to a marked release of purines from the exercised muscle along with a reduction of the ATP levels in the muscle cells that persists for more than 90 minutes after exercise termination [159] . If plasma urate levels are sufficiently high during and after the exercise period, the muscle extracts urate from plasma to replenish internal stores.
The average serum levels of urate are significantly higher in men than in women, and this is believed to be due in part to the fact that testosterone influences the kidneys to retain urate whereas oestrogen allows more loss through the kidneys. There is a logical reason for this in that testosterone also induces increased muscle mass, and muscles require an internal buffer of urate to protect them from oxidative damage. A study on transgender males who were administered intramuscular testosterone replacement therapy elegantly demonstrated that serum urate levels are directly related to testosterone [160] . Furthermore, the level of serum creatinine, which to some extent represents the individual's muscle volume, was also strongly correlated with both urate levels and testosterone dosage. This suggests that the total amount of muscle mass plays an important rôle in regulating serum urate levels and, perhaps more importantly, that high serum urate is beneficial in protecting muscle tissues from damage.
Creatine plays an important rôle in muscle contraction by shuttling energy sources from different compartments around and providing buffering support for ATPase [161] . Creatine kinase (CK) in the mitochondrial intermembrane space regenerates phosphocreatine (PCr) from mitochondrially generated ATP and creatine. PCr is shuttled to the cytoplasm, where it can be coupled to ATP-dependent processes, such as the acto-myosin ATPase and calcium ATPase involved in muscle contraction. Creatinine is a breakdown product of PCr, and its level in the blood is usually proportional to total muscle mass. Creatinine is filtered out with little or no reabsorption in the renal glomeruli (an unusually high serum creatinine level is an indicator of damage to nephrons in the kidneys). Thus, elevated serum creatinine can be correlated with elevated serum urate in part as a consequence of kidney failure, when both creatinine and urate are retained by the failing kidneys.
Impaired lipase activity and elevated serum triglycerides
High serum lipids are associated with gout [162] . Heparin induces the release of lipoprotein lipase into the blood [163] , hence heparin deficiency could contribute to low lipase expression. Lipase releases fats from triglycerides so that they can be taken up and metabolized by the cell. The activities of both postheparin plasma lipoprotein lipase and hepatic triglyceride lipase were found to be reduced in association with gout, and activity levels were inversely correlated with VLDL and LDL triglyceride levels [164] . The β-oxidation of fatty acids yields acetyl coenzyme A, and therefore it is possible that acetate deficiency derives from impaired fatty acid lipase activity.
As discussed previously, glyphosate exposure induces elevated serum lipids in rats due to impaired lipid metabolism [120] . A sequence homology search for lipases among multiple species revealed only one residue that was consistently conserved across all species of animals, and only one residue that was consistent across all species of plants [165] . In animal lipases, this conserved residue was a glycine at position 118 and among plants, the conserved residue was a glycine at position 358. Furthermore, a GHSAG sequence was conserved among lipases synthesized by multiple species of plants, fungi, and bacteria, although this sequence was not conserved in animal lipases. Thus, it can be predicted that glycine plays an essential rôle in the enzyme's function across all species. Glyphosate has been detected as a contaminant in porcine lipase, as reported in [50] .
ApoB and small acidic antioxidants
It has been known at least since the 1980s that ApoB, the apolipoprotein contained in LDL, is uniquely capable of resolving an acute gout attack [166] . ApoB suppresses superoxide generation and cytolysis by neutrophils, thus taming the inflammatory response. ApoB has four separate peptide sequences that are positively charged and therefore attracted to negatively charged heparin and heparan sulfate [167] . Normally, ApoB binds to heparan sulfate in the extracellular matrix of a cell, and is then endocytosed along with the bound heparan sulfate. The endosome eventually evolves into a lysosome, and this involves the acquistion of extra protons to induce an acidic environment that will enable digestion of the contents of the LDL particle for recycling. During the digestion process, desulfatases remove the sulfate ions from the heparan sulfate, thus buffering the acidic pH [168] . The heparin that is released by mast cells in response to the inflammatory response precipitated by urate crystals will also bind to ApoB in LDL, and can be used in place of heparan sulfate to supply the sulfate buffering in the lysosomes once the LDL particle is endocytosed. Impaired lysosomal function leads to the accumulation of lipofuscin, a biomarker of aging [169] . Lipofuscin accumulation can be reduced by mechanisms that increase the acidification of lysosomes by whatever means [170] . As shown in Table 2 , there are several other small acidic antioxidants besides sulfate that may be able to substitute for sulfate in supporting the buffering of the acidic pH in the lysosomes. It has been shown that urate crystals also bind to ApoB in LDL, but heparin and heparan sulfate will outcompete them in binding affinities. Furthermore, ApoB has several lysine residues that can be subjected to acetylation. Inter alia, lysine acetylation prevents urate binding, and the acetate that is then brought into the cell as cargo can also serve as a buffering agent for the lysosomes. A recent study has shown that acetate supplementation does not reduce the magnitude of the initial inflammatory response in gout, but it accelerates the pace of resolution of the gout episode [171] . Dietary fibre works similarly, probably because it is metabolized to acetate and other short-chain fatty acids by anaerobic microbes in the colon. 6 inflammatory cascade. Heparin protects lipids from freeradical peroxidation, but removal of both the N-and Osulfates greatly reduces its effectiveness [176] . Cholesterol sulfate can also be incorporated into the lipid monolayer of the LDL particle, and its negatively charged sulfate groups will also help shield the LDL particle from glycation and oxidation damage [102] . This will then reinstate LDL uptake by the liver and protect from cardiovascular disease.
A study on mice with streptozotocin-induced diabetes demonstrated that diabetes results in depletion of sulfated proteoglycans in the extracellular matrix in endothelial cells and in the liver [176] . This, in turn, impairs the uptake of lipids from β-VLDL particles. This can be predicted to lead to high serum triglycerides, which is a risk factor for gout [178] . The gouty joint essentially jump-starts the cycle by exploiting urate crystals, which also offer antioxidant protection in the lysosome, in place of heparan sulfate. The extra supply of sulfate ultimately produced by the gouty joint can help to correct sulfate deficiencies systemically, thus ameliorating the impaired lipid clearance and protecting lipids from oxidation and glycation damage.
Highly sialylated apoE is present in synovial fluid, likely produced by the resident macrophages, and it appears to protect from induction of an inflammatory attack by sodium urate crystals [179] . ApoE binds to urate crystals and inhibits urate crystal-induced neutrophil stimulation. ApoE also promotes cholesterol egress from macrophages and, importantly, sulfurylation of the glycocalyx [180] . It seems plausible that the cholesterol bound to ApoE is sulfated in transit and subsequently the sulfate anion is transferred to the glycocalyx, as proposed in [102] .
Cholesterol sulfate, heparin and PPAR-γ γ γ γ γ
Peroxisome proliferator-activated receptor-γ (PPAR-γ) expression is rapidly induced in monocytes in response to monosodium urate crystals, with maximum expression observed four hours after exposure [26] . Synovial-tissuelocalized expression of PPAR-γ by macrophages as well as by fibroblasts and endothelial cells is manifest in patients with rheumatoid arthritis [181] . Activation of PPAR-γ by a derivative of prostaglandin D2 has been shown to suppress the immune response in rats [181] . PPAR-γ ligands upregulate CD36 expression on monocytes, and this significantly reduces the production of cytokines. Thus, exposure to PPAR-γ ligands following the inflammatory response may be the mechanism by which the inflammation is resolved. 6 It is intriguing that lactate (pK a 3.86) supports lysosomal acidification and autophagy in tumour cells [172] .
Both urate and heparan sulfate can protect the lysosomes from oxidative damage due to the Fenton reaction. Lysosomes are often rich in iron, which assists in the redox reactions involved in breaking down cellular debris, but can also lead to severe cellular damage due to free radical products [173] . It is possible that oxalate [174] and citrate [175] can also support lysosomal buffering, although there is not at present any literature to support this idea.
We hypothesize that the inflammatory response in the gouty joint is induced in order to produce sulfate by oxidizing H 2 S, and then activate it by combining it with ATP. The activated sulfate is then conjugated with cholesterol to form cholesterol sulfate and then transferred to the heparan sulfate proteoglycans in the extracellular matrix by a sulfotransferase, facilitated by the intermediary PAPS. Heparan sulfate can then displace urate in binding to LDL, and in so doing abort the The influx of neutrophils is a hallmark of acute gout [182] . Mast cells play an important rôle in amplifying the gouty inflammatory response, but probably also in the resolution. They release both prostaglandin D2 and heparin, among other products [183] . One feature of heparin is its ability to induce neutrophil infiltration. Heparin is the most highly sulfated molecule known to biology, and has a large negative charge, due to which it is able to detach bound kininogen from heparan sulfate proteoglycans in the extracellular matrix, and subsequently the detached kininogen is subjected to proteolysis to release active bradykinin, which in turn activates various signaling pathways that dilate vessels, promote neutrophil infiltration into the tissue site, and increase vascular permeability and tissue swelling [184] .
Sulfated and disulfated oxysterols derived from cholesterol are also potent activators of PPAR-γ [185] . The inflammatory response induces the release of ATP from cells and upregulates production of superoxide, which supports the oxidation of H 2 S to sulfate by sulfite oxidase, and ATP can be combined with the sulfate to produce PAPS. Thus, the signaling response to urate crystals supports the synthesis of cholesterol sulfate which can then suppress inflammation via PPAR-γ receptor activity, restoring the joint back to normalcy.
Cholesterol sulfotransferase type 2B isoform 1b (SULT2B1b) is a key enzyme in the synthesis of cholesterol sulfate. PPAR-γ activators increase the activity of SULT2B1b in human keratinocytes. A 26-fold increase in the expression of SULT2B1b was induced by the PPAR-γ activator, ciglitazone [126] .
Cholesterol crystals, like urate crystals, can induce activation of the NLRP3 inflammasome, activating a proinflammatory response [186] . Cholesterol crystals have been found to coexist with urate crystals in gouty tophi in a joint or bursal cavity [187] . Cholesterol crystals can even lead to tophus formation and gout-like symptoms in the absence of urate crystals [188] . Sulfate, in its activated form as PAPS, either produced through chemical reactions induced by the inflammatory response or derived from the heparin released by mast cells, can be conjugated to cholesterol to solubilize these crystals. The cholesterol sulfate thus produced can then act as a ligand to PPAR-γ, thus resolving the inflammation and restoring the supply of cholesterol sulfate.
Cholesterol is not a normal part of the diet of rabbits, and experiments feeding cholesterol to rabbits demonstrate that they typically accumulate it in fat stores and in atherosclerotic plaque. Ying et al. found that L-lipoic acid supplementation can reverse these effects, leading to reduction in plaque levels and weight loss, reflecting the release of the cholesterol-containing fat stores [189] .
This was associated with a reduction in the inflammatory response. We hypothesize that the sulfane sulfur in L-lipoic acid is the key ingredient that leads to these beneficial effects, allowing the cholesterol to be released as cholesterol sulfate.
Nephrolithiosis and hyperoxaluria
It has become clear in recent years that chronic kidney disease is a common occurrence among relatively young agricultural workers [190] . The form of kidney disease not necessarily associated with diabetes or hypertension has been termed "chronic interstitial nephritis in agricultural communities" (CINAC), and is also referred to as Mesoamerican nephropathy [191] . It is currently the most common cause of death among men in El Salvador. Researchers investigating the condition in Sri Lanka have concluded that glyphosate, working together with nephrotoxic metals, is a major causal factor [192] , and this has caused the government of Sri Lanka to ban glyphosate usage in agriculture. Urate crystals are commonly found in the urine of sugar cane workers from El Salvador, and it was proposed by Roncal-Jimenez et al. that injury to renal tubules by the crystals could be a major causal factor in CINAC [193] . They further argued that the underlying initiating condition could be muscle damage due to intense exercise in a hot climate, causing excess urate synthesis, as discussed previously. Sugar cane in El Salvador is commonly sprayed with glyphosate right before harvest, so glyphosate exposure is prima facie implicated as a contributing factor to the disease.
The prevalence of nephrolithiasis has increased substantially in the USA over the past two decades. A population-based study in South Carolina showed that annual incidence increased by 1% annually from 206 to 239 per 100,000 from 1997 to 2012 [194] . Calcium oxalate crystals are the main source of kidney stones in urolithiasis. However, about one-third of patients with calcium stones have hyperuricosuria [195] .
High concentrations of uric acid in the urine induce an increased risk to the formation of calcium oxalate stones [196] . Excessive urinary sulfate induces an acidic environment that further favours crystal formation. In vitro, the addition of urate to urine greatly increases the rate of precipitation of calcium oxalate crystals. The mechanism could be due to a "salting out" effect [197] , or to epitaxy, the formation of one crystal on top of another seed crystal of differing origin [198] .
Alanine:glyoxylate aminotransferase (AGT) is a pyridoxal 5′-phosphate(PLP)-dependent enzyme, which catalyses the reaction that produces pyruvate and glycine from L-alanine and glyoxylate [199] . Defective versions of this enzyme are associated with primary hyperoxaluria and associated nephrolithiasis. This is because glyoxylate is then redirected down a degradation pathway that leads to oxalate. It has been previously mentioned that glyoxylate is a degradation product of glyphosate in pathways supported by gut microbes [120] . Glyphosate treatment increased glyoxylate levels in rat liver by more than twofold in those experiments.
AGT has a highly conserved glycine residue at position 161, which has been linked to primary hyperoxaluria when mutated to arginine, cysteine or serine [199] . Furthermore, another glycine residue at position 41 is also vulnerable to mutations leading to hyperoxaluria [200] . In both cases, it appears that the mutated version is vulnerable to an increased rate of degradation and is prone to electrostatically-driven aggregation in the cell cytoplasm [199, 200] . Substitution of glyphosate for either glycine can be expected to also lead to a defective version of the enzyme.
Thus, it is plausible that the overproduction of both oxalate and urate due to glyphosate's effects can explain the rise in nephrolithiosis in addition to the rise in gout over the past two decades.
CONCLUSIONS
The prevalence of gout has been rising alarmingly in multiple countries in the industrialized world in the past two decades, in parallel with the rise in the use of glyphosate as an herbicide. Here, we make a case for glyphosate's disruption of sulfate supplies, systemically, as an underlying aetiological factor associated not only with gout, but also with multiple other chronic diseases associated with gout, whose prevalence is also alarmingly on the rise in these same countries. These include diabetes, obesity, hypertension, fatty liver disease and lipid disturbances linked to cardiovascular disease, elevated triglycerides and an elevated ratio of LDL to HDL. We show how glyphosate could plausibly cause these deficiencies in sulfate through its disruption of the gut microbiome, leading to an overgrowth of fungi and sulfur-reducing species like Desulfovibrio along with a deficit in butyrate-producing microbes. Glyphosate, in part through metal chelation and in part through its insidious ability to substitute for glycine during protein synthesis, disrupts the function of multiple enzymes associated with sulfate homeostasis. A key trigger for an acute gout attack is high serum viscosity, associated with a high haematocrit and elevated serum LDL and triglycerides. We describe how sulfate deficiency can lead directly to metabolic disorders, immune deficiency and impaired blood flow.
In this paper, we propose that gout is a disease process that has a beneficial outcome in the production of sulfate and its conjugation to carrier molecules that are then exported back into circulation, such that sulfate supplies to the vasculature are renewed, averting disaster manifested as either haemorrhage or thrombosis. The signaling mechanisms orchestrating the activities in the gouty joint, while initially necessitating the production of damaging reactive oxygen species, eventually lead to resolution, along with improved sulfate bioavailability in the circulation. As sulfate supplies are renewed, heparan sulfate can become available to support the metabolism of LDL particles in the lysosomes of immune cells infiltrating the synovial fluid environment, as well as in the tissue cells in the joint. In concert, the immune cells succeed in renewing their own sulfate supplies, which both strengthens the immune system and improves vascular health.
